A quantitative algorithm was developed and applied to predict target genes of microRNAs encoded by herpesviruses. Although there is almost no conservation among microRNAs of different herpesvirus subfamilies, a common pattern of regulation emerged. The algorithm predicts that herpes simplex virus 1, human cytomegalovirus, Epstein-Barr virus, and Kaposi's sarcoma-associated herpesvirus all employ microRNAs to suppress expression of their own genes, including their immediate-early genes. In the case of human cytomegalovirus, a virus-coded microRNA, miR-112-1, was predicted to target the viral immediate-early protein 1 mRNA. To test this prediction, mutant viruses were generated that were unable to express the microRNA, or encoded an immediate-early 1 mRNA lacking its target site. Analysis of RNA and protein within infected cells demonstrated that miR-UL112-1 inhibits expression of the major immediate-early protein. We propose that herpesviruses use microRNA-mediated suppression of immediate-early genes as part of their strategy to enter and maintain latency.
M
icroRNAs (miRNAs) are 20-23-nucleotide RNA molecules that bind to mRNA targets, generally within their 3Ј untranslated region (3Ј UTR), and interfere with their translation (1, 2) . Viruses have co-evolved with cellular miRNAs and many encode their own miRNAs (3) . Every herpesvirus genome that has been examined has been found to encode multiple miRNAs, including Epstein-Barr virus (EBV) (4 -6) , human cytomegalovirus (HCMV) (4, 7, 8) , herpes simplex virus 1 (HSV-1) (9, 10) , and Kaposi's sarcoma-associated herpesvirus (KSHV) (4, 6, 11, 12) . These miRNAs can potentially function during lytic replication and latency. Lytic replication proceeds in a coordinated three-phase cascade: immediate-early (IE), early and late. IE products prepare the cell for infection and propagate the cascade. Early gene products support replication of viral DNA, and DNA replication is, in turn, a prerequisite for full activation of the late genes that encode the structural proteins of the virus. During latency, the virus is quiescent. A limited subset of the viral genome is expressed, but, importantly, the virus has the potential to reactivate and reenter the lytic cycle. Although the molecular mechanisms of reactivation are not understood, it is widely assumed that the lytic cascade is reinitiated with the expression of IE genes. Ectopic expression of a single IE protein has been shown to reactivate HSV-1 (13, 14) , EBV (15) , or KSHV (16, 17) in cell culture models of latency.
Whereas none or only a few protein-coding genes are expressed, multiple miRNAs are transcribed during latency. The HSV-1 miR-LAT lies within one of the latency associated transcripts (LATs), the only viral RNAs known to be expressed in latency. EBV and KSHV miRNAs also are expressed during latent infection. Because they are nonimmunogenic, miRNAs should be optimal agents for suppression of anti-viral responses and to modify behaviors of latently infected cells, and recent reports suggest this is the case. The HSV-1 miR-LAT has been reported to inhibit apoptosis in neurons by inhibiting translation of TGF-␤ and SMAD3 (10) ; the HCMV miR-UL112-1 represses expression of MICB, a ligand of the natural killer cell activating receptor NKG2D (18) ; and KSHV miRNAs down-regulate thrombospondin 1 expression, a regulator of cell adhesion, migration and angiogenesis (19) .
Virus-coded miRNAs also could act to antagonize the expression of IE genes. This could contribute to down-regulation of IE expression during later phases of the lytic replication cycle when miRNAs have accumulated to relatively high levels, and it could help to establish latency and subsequently antagonize reactivation of latent virus, given the critical role of IE gene products in the initiation of the lytic cascade. Motivated by this reasoning, we developed an miRNA-target-predicting algorithm and applied it to all 3Ј UTRs of four herpesviruses. The high probability targets predicted by this algorithm included IE transactivators for all four viruses: ICP0 of HSV-1; BZLF1 and BRLF1 of EBV; IE1 of HCMV; Rta and Zta of KSHV. We experimentally confirmed the ability of an HCMV-coded miRNA to reduce IE1 expression. Because these genes are necessary for efficient initiation of the lytic program, we propose that herpesviruses use a common miRNAbased strategy for maintaining latency. Tables 3-8 .
Results

For further details, please see supporting information (SI) Materials and Methods and SI
Predicting Targets of HCMV-Coded miRNAs Within the HCMV Genome.
To test our hypothesis that herpesvirus miRNAs might inhibit expression of viral genes needed for efficient lytic replication and thereby favor latency, we asked whether viral miRNAs had potential to target viral 3Ј UTRs. Instead of listing all conserved potential miRNA binding sites or computing scores based on various empirical rules, our algorithm uses a combination of analytical expressions and Monte Carlo simulations to determine exact probabilities that predicted miRNA targets would occur by chance. We use the standard assumption that the 3Ј UTR sequence has coevolved with the sequence of the miRNA (20, 21) and the experimental observation that miRNA binding requires a perfect complementarity of a ''seed'' sequence near the 5Ј end of the miRNA to a sequence in the 3Ј UTR (2). This seed is usually a heptamer at positions 2-8 from the 5Ј end of the miRNA. As a result of coevolution, the number of actual seed oligomers present in the 3Ј UTR of a targeted gene will be higher than the number that would appear by chance in a random sequence with similar composition. The algorithm predicts functional miRNA targets in two steps.
First, for each miRNA-3Ј UTR pair, we compute an approximate probability PV SH (P value for single hypothesis testing) that it would appear by chance in the random sequence; the smaller PV SH is, the more likely the given pair is to be biologically functional. (Probability PV SH is very nearly exact: The only approximation is that we assume independence between consecutive oligomers.) This procedure alone allows testing whether a given miRNA is likely to target a given 3Ј UTR and is analogous to that used by Robins and Press (21) .
Second, if we are interested in finding functional targets of multiple miRNAs among multiple 3Ј UTRs, we need to take into account multiple hypothesis testing. We do this by performing a Monte Carlo simulation in which we compute the probability PV MH (P value for multiple hypothesis testing) that the top, say 10, miRNA-target pairs in a randomly generated genome with similar properties would have their PV SH lower than the corresponding top 10 miRNA-target pairs in the real genome. We used this approach instead of the now standard False Discovery Rate analysis (FDR) of Benjamini and Hochberg (22) because of the discrete nature of our data. In our case, most PV SH values are 1, and so FDR analysis is not applicable because it requires a fairly uniform distribution of PV SH except a small overrepresentation at values close to 0.
Details and various extensions of the algorithm, such as the generation of the random background sequence based on the Markov model (MM), the calculation of the single and multiple hypothesis P values, the use of conservation (21) among strains of the virus, and the choice of the seed sequence, are described in Materials and Methods.
We applied the algorithm to all 3Ј UTRs of the HCMV genome, and Table 1 Table 1 could potentially favor latency, but we considered IE1 to be a prime target, given its central role at the start of the HCMV transcriptional cascade. IE1 is one of two main products of the HCMV major IE locus, the other being IE2. IE1 and IE2 are required to execute the virus' transcriptional program (23) , and they almost certainly influence the choice between latency and lytic replication. A mutant virus unable to produce a functional IE1 protein replicates efficiently only after infection at a high input multiplicity (24) ; at lower multiplicities, it fails to accumulate normal levels of early mRNAs (25) . It activates transcription at least in part by controlling histone modifications (26) .
The algorithm predicted a single binding site for miR-UL112-1 within the 99 nucleotide 3Ј UTR of the IE1 mRNA. To test the prediction that miR-UL112-1 inhibits translation of IE1 protein, we prepared two reporter constructs. The first contained the wild-type IE1 3Ј UTR downstream of the luciferase coding region and the second contained a derivative of the 3Ј UTR lacking the 7-nucleotide seed sequence predicted to be the target of the miRNA (Fig.  1A , shaded sequence). HEK293T cells were cotransfected with set amounts of the reporter plasmids and increasing amounts of an effector plasmid expressing the miR-UL112-1 precursor hairpin sequence. The miRNA induced a statistically significant reduction in luciferase expression from the reporter with a wild-type IE1 3Ј UTR (maximum repression ϭ Ϸ60%) but not from the modified 3Ј UTR lacking the seed sequence (Fig. 1B) , arguing that miR-UL112-1 targets the seed sequence within the IE1 3Ј UTR to reduce translation or degrade the RNA.
We next generated three viruses to test whether miR-UL112-1 targets IE1 expression within an HCMV-infected cell. The first, BFXdlIE1cis
Ϫ , lacks the 7-nt seed sequence within the IE1 3Ј UTR that is targeted by the miRNA. The second, BFXsub112-1 Ϫ , is unable to express the miRNA. The miR-UL112-1 precursor is encoded on the DNA strand opposite UL114, and disruption of this ORF inhibits virus replication (27, 28) . Consequently, we substi- The table shows the top 10 of 4,896 possible miRNA-3Ј UTR pairs for the HCMV genome. The statistical significance of the top targets is measured by the multiple hypothesis P value PV MH. The random background used is the first-order local MM. IE1 (UL123) is shown in bold. *Length denotes the total number of all conserved heptamers in the 3ЈUTR.
† Act. denotes the actual count (in the 3Ј UTR) of conserved heptamers complementary to the miRNA seed. ‡ Exp. denotes the count expected in the random sequence.
tuted 12 nucleotides within the miR-UL112-1 precursor sequence while maintaining the coding sequence of the UL114 ORF ( Fig.  2A) . The miR-UL112-1 mutation was repaired in the final virus, BFXsub112-1r, to control for potential off-target mutations. The viruses grew normally in fibroblasts (Fig. 2B) . We also monitored accumulation of miR-UL112-1 by quantitative RT-PCR. The miRNA accumulated to a detectable level between 8-12 h after infection with wild-type virus and then increased as the infection progressed (Fig. 2C) . No miR-UL112-1 was detected at 48 h after infection with BFXsub112-1 Ϫ , a time at which the miRNA was readily detected in cells infected with the other viruses (Fig. 2D) .
To determine whether IE1 protein levels were affected by the expression of miR-UL112-1, we prepared extracts from infected cells after a 1-h 35 S-labeling period at 6, 24 and 48 hpi with wild-type or mutant viruses. We did not monitor cells later than 48 hpi, even though the miRNA accumulated to higher levels at 72 hpi (Fig. 2 A) , because infected cells show severe cytopathic effect at the later time. We first examined the steady state levels of several proteins by Western blot assay (Fig. 3A Top) . Tubulin levels, which are not altered by infection, provided a precise measure of the amount of cellular protein analyzed in each sample; and the accumulation of the late HCMV protein, pp28, confirmed that all infections progressed normally. We monitored IE1 steady state levels, but little difference was evident after infection with wild-type and mutant viruses. This was not surprising, because IE1 protein has a Ͼ20-h half life, and it accumulates to a high level before the miRNA is available.
Next, IE1 was immunoprecipitated from extracts and subjected to electrophoresis to identify protein synthesized during each 1-h labeling period (Fig. 3A Bottom) . The rate of IE1 synthesis was substantially greater at 6 hpi than at later times for all viruses, and this is expected because the promoter responsible for the production of IE1 mRNA is repressed late after infection (29, 30) . Radioactivity in the IE1-specific band was quantified relative to the level of tubulin, and Fig. 3B Top presents the results of two independent experiments, each analyzed by performing three independent immunoprecipitations. At 6 and 24 hpi, we did not observe an effect attributable to miR-UL112-1 activity, consistent with the observation that the miRNA is not detected at 6 hpi and relatively little is present at 24 hpi. In contrast, at 48 hpi, when the miRNA has accumulated to higher levels, the miR-UL112-1-deficient and the IE1 target site-deficient mutants exhibited statistically significant increases (Ϸ2-fold) in IE1 protein synthesis relative to the wild-type and revertant viruses.
At each time protein extracts were prepared, total RNA was isolated from a duplicate sample, and the amount of IE1 RNA was determined relative to the level of an independent IE RNA (UL37) by quantitative RT-PCR. IE1 RNA levels varied little among the viruses (Fig. 3B Middle) , arguing that the miRNA does not significantly alter the stability of IE1 mRNA and supporting the conclusion that the changes in IE1 protein levels result from the inhibition of translation. The ratio of IE1 protein to RNA was calculated (Fig. 3B Lower) , confirming a significant increase in protein synthesis when either the miRNA or its target site is disrupted.
Predictions of Targets for miRNAs Coded by Other Herpesviruses.
Encouraged by the experimental verification of our prediction in HCMV, we applied the algorithm to an analysis of three additional human herpesviruses. HSV-1, EBV, and KSHV each proved to encode miRNAs predicted to inhibit the expression of viral proteins, including IE proteins. Table 2 displays the rank of the IE-targeting miRNAs among all possible miRNA-3Ј UTR pairs (the total number is equal to the number of 3Ј UTRs times the number of miRNAs). The rank is again based on the P value PV SH computed according to the local first order MM or the global third order MM. ICP0 in HSV-1, BZLF1 and BRLF1 in EBV, and Zta and Rta in KSHV are among the virus-specific targets most likely to be targeted by virus-coded miRNAs (top 0.5-2% of virus-specific targets). The BZLF1/BRLF1 3Ј UTR of EBV is predicted to be targeted by two miRNAs.
SI Tables 3-6 show three additional pieces of information for each virus: First, there is a list (SI Tables 3A-6A) for each miRNA of the total actual and predicted number of binding sites across all 3Ј UTRs with associated P value. miRNAs with smaller P value are more likely to regulate some (unspecified) viral genes. The total number of functional binding sites for miRNAs can be estimated from the difference of the total numbers of actual and predicted seed binding sites (21) . It is reassuring that this number is always positive, regardless of the virus or the MM used. Second, there is a list (SI Tables 3B-6B ) of the top 25 3Ј UTR targets, sorted according to the P value based on the total actual and predicted binding-site counts across all miRNAs. 3Ј UTRs with small P value are likely to be regulated by some combination of viral miRNAs. Third, there is a list (SI Tables 3C-6C ) of the top 25 miRNA-3Ј UTR pairs. Pairs with small P value are most likely to be functional pairs. The ranks of the IE genes in Table 2 are derived from this list.
Besides the IE genes, the top predicted miRNA targets include many genes involved in viral DNA replication as well as several inhibitors of apoptosis and other genes involved in immune evasion. Brief descriptions of the predicted targets in these functional groups are summarized in SI Table 7 .
Discussion
Our computational analysis predicts that miRNAs encoded by members of three herpesvirus subfamilies target viral IE genes. HSV-1 (␣-herpesvirus) miR-LAT likely targets ICP0. HCMV (␤-herpesvirus) miR-UL112-1 targets IE1. EBV (␥-herpesvirus) miR-BHRF1-3 and miR-BART15 likely target BZLF1 and BRLF1, which share their 3Ј UTR (Table 1 and SI Table 4C ). If the effect of all EBV miRNAs is combined, this 3Ј UTR is in fact the top target in the whole genome (SI Table 4B ). In addition, the seed binding is actually longer than the heptamer 2-8 used in the analysis; it is an octamer 1-8 for miR-BHRF1-3, and if noncanonical binding U-G is allowed, a 9-mer 210 for miR-BART15. KSHV (␥-herpesvirus) Rta (ORF 50) and Zta (ORF K8) are homologues of EBV BRLF1 and BZLF1, respectively, although functionally BZLF1 seems to correspond more to the Rta. The 3Ј UTR shared by Zta and Rta is likely targeted by the KSHV miR-K10-6-3p, which is numerically the strongest prediction of this algorithm (99.93 percentile). Finally, besides the IE genes, the analysis (SI Tables  3-6 ) suggests numerous other likely miRNA targets, e.g., the HSV-1 neurovirulence factor ␥34.5, whose RNA contains an octamer seed binding site for miR-LAT. We confirmed the predicted inhibition of HCMV IE1 translation by miR-UL112-1 within transfected cells by using reporter constructs ( Fig. 1) and within virus-infected fibroblasts by analyzing mutant viruses (Figs. 2 and 3 ). As we were writing this manuscript, Gray et al. (31) reported the same conclusion. They demonstrated that addition of miR-UL112-1 RNA to cells before infection inhibited IE1 expression and viral DNA replication.
Given the broad range of predicted targets (SI Tables 3-6) , we anticipate that herpesvirus-coded miRNAs exert regulatory effects directly on viral gene expression during replication and spread within infected hosts. This regulation could have many consequences, e.g., down-regulating viral genes as the infectious cycle progresses to avoid toxicity and helping to modulate viral gene expression to optimize replication in a variety of different cell types. Most importantly, however, our results also suggest that viruscoded miRNAs could play a central role in the establishment and maintenance of latency. Because they target IE products that act at the top of the lytic cascade, miRNAs expressed in cells destined for a latent infection can potentially antagonize the cascade and thereby favor entry into latency. Furthermore, miRNAs expressed during latency could help to prevent reactivation by inhibiting translation of IE transactivators.
There are several indirect justifications of this model. First, although expression of HCMV-coded miRNAs during latency has not yet been evaluated, HSV-1, EBV, and KSHV miRNAs are transcribed and available to function during latency. Second, if miRNAs are indeed central agents responsible for the maintenance of latency, this would explain the mysterious failure to detect proteins in the latent stage of HSV-1. Finally, our algorithm predicts that numerous early genes involved in DNA replication are targeted by viral miRNAs. In fact, the EBV miR-BART2 cleaves the mRNA of the DNA polymerase BALF5 (32) . Early genes are normally activated by IE products, and their activity in turn would be expected to importantly influence the choice between lytic replication and latency.
In sum, antagonism of IE genes, which form a control node at the top of the herpesvirus lytic cascade, could contribute importantly to the establishment of latency and seems an optimal strategy for maintenance of latency.
Materials and Methods
Computation. To determine the likelihood that a particular miRNA-3Ј UTR pair is functional, we computed the corresponding probability PV SH. Let c denote the actual count of seed n-mers in the 3Ј UTR of length l and p the probability (based on the MM described in SI Materials and Methods) that any given n-mer in the random background sequence is the seed n-mer. Then our P value PV SH gives the probability of finding at least c seed n-mers in a background sequence of length l which is equal to the P value of the binomial distribution, PV SH ϭ PV bin ͑l Ϫ n ϩ 1, c, p͒
In practice, l is of the order of 100 or 1,000. For a hexamer seed sequence (n ϭ 6), a typical p is 1/4 6 ϭ 1/4,096 (exactly if all hexamers were equally likely) and therefore a typical c is zero, making the equation above impractical. An alternative exact expression for PVSH, which is numerically efficient is The statistical significance of the top miRNA-target pairs was evaluated by calculating probability PVMH. Because the majority of P value PVSH is equal to 1, we cannot use the standard method of estimating the false discovery rate (22) . Instead, we use the following Monte Carlo procedure: First generate n ϭ 1,000 random genomes analogous to the actual genome of interest. This means that each genome will have exactly the same number of 3Ј UTRs as the genome of interest and each generated 3Ј UTR will be of the same length as the corresponding real 3Ј UTR. Each random 3Ј UTR is generated by using the kth order MM based on the composition of the corresponding 3Ј UTR in the real genome.
For each of the N randomly generated genomes, we repeat the same analysis of computing PVSH as we did for the real genome: i.e., we compute the score PVSH for each miRNA-3Ј UTR and sort them. Now, evaluate the statistical significance of the top t miRNA-target pairs for the actual genome by counting the number Nt of the randomly generated genomes in which the tth top microRNA-3Ј UTR pair has PVSH smaller than the tth pair in the actual genome. For each t, compute the P value PVMH(t) corrected for multiple hypothesis testing by
PVMH(t) is the probability of finding better scores for the top t potential microRNA-3Ј UTR pairs in a random genome with similar properties as the actual genome. The smaller PVMH(t), the higher the chance that the predicted targets are real targets. Additional details relevant to computation are described in SI Materials and Methods, including sequences used in the analysis, choice of the seed sequence, construction of random background sequence, use of conservation between strains or species.
Cells, Viruses, and Plasmids. MRC5 and HEK293T cells were propagated in medium with 10% FBS or 10% newborn calf serum, respectively.
The wild-type virus used in these studies is BFXwt-GFP. It is a derivative of a bacterial artificial chromosome (BAC) clone of the HCMV VR1814 clinical The table reports the top miRNA-IE target pairs for HSV-1, EBV, KSHV, and HCMV after sorting by PVSH score. *BZLF1 and BRLF1 as well as Zta and Rta give rise to 3Ј coterminal transcripts and therefore genes in each pair have the same 3ЈUTRs.
† Rank A (resp. rank B) denotes the rank among all possible miRNA-3ЈUTR pairs sorted by P values computed for the random sequence based on the first-order local (resp. the third-order global) MM. Percentile corresponds to Rank A.
isolate (33) in which a green fluorescent protein (GFP) expression cassette has been inserted upstream of the US7 ORF. Three derivatives of BFXwt-GFP were produced by using galK selection and counter selection to modify BAC DNAs (34) as described in SI Materials and Methods. BFXdlIE1cis Ϫ lacks the 7-nt seed sequence for miR-112-1 within the IE1 3Ј UTR, BFXsub112-1 Ϫ contains 12 single base pair substitutions that block expression of miR-112-1, BFXsub112-1r is a repaired derivative of BFXsub112-1 Ϫ . Virus was generated by electroporation of MRC5 cells with BAC DNA (20 g) plus an HCMV pp71-expressing plasmid (pCGNpp71). Virions were purified by centrifugation through a 20% sorbitol cushion. Virus titers were calculated by infecting fibroblasts and counting IE2-positive foci at 24 hpi. The construction of plasmids is described in SI Materials and Methods.
mRNA and miRNA Quantification. Real-time RT-PCR was performed on total RNA isolated from the cells by using the mirVana miRNA isolation kit (Ambion ), which isolates total RNA while preserving the miRNA population. DNA was removed by using the DNA-free reagent kit (Ambion). Equal aliquots of total RNA were reverse transcribed by using the Taqman Reverse Transcription kit with random hexamers according to the manufacture's protocol (Applied Biosystems). To measure mRNA levels, real-time PCR was performed with SYBR green PCR master mix (Applied Biosystems) and primers specific to exon 4 of IE1 (5Ј-GCCTTCCCTAA-GACCACCAAT-3Ј and 5Ј-ATTTTCTGGGCATAAGCCATAATC-3Ј) or exon 1 of UL37 (5Ј-GACGAAGTCCGATGAGGAGGATG-3Ј and 5Ј-TGGGACACTGGGCGTTGTTG-3Ј).
To measure levels of miR-UL112-1, a modified TaqMan-based stem loop RT-PCR was performed (35) . TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems) was used according to the manufacturer's protocol with the following stem-loop oligonucleotide: 5Ј-GTCGTATCCAGTGCAGGGTCCGAGGTAT-TCGCACTGGATACGACAGCCTG-3Ј. A 1:15 dilution of the product from the reverse transcriptase reaction was used in a TaqMan quantitative PCR along with 1.5 mM of forward primer (5Ј-GCCGCAAGTFACGGTGAGAT-3Ј), 0.7 mM of reverse primer (5Ј-GTGCAGGGTCCGAGGT-3Ј), 0.2 mM of TaqMan probe (5Ј-6FAM-TACGACAGCCTGGAT-mgbNFQ) and 1ϫ Universal TaqMan PCR Master mix (Applied Biosystems). The results were normalized by quantifying the levels of human U6B small nuclear RNA using the RNU6B Taqman control assay (Applied Biosystems).
Protein Quantification. MRC5 cells were infected at a multiplicity of 3 pfu per cell. Cells were starved for methionine and cystine before labeling by incubating for 1 h in medium with 10% dialyzed FBS. EasyTag Express Protein Labeling mix (100 Ci; PerkinElmer) was added to the cells for 1 h, after which the labeling medium was replaced with medium containing 10% FCS for 10 min to allow stalled translation to complete. Cells were washed in PBS and then lysed in buffer containing 20 mM Tris acetate pH 7.5, 0.27 M sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium ␤-glycerophosphate, 50 mM sodium floride, 5 mM sodium pyrophosphate, and 1% Triton X-100. One tablet of Complete Mini Protease inhibitor (Roche Applied Science) was added per 10 ml of lysis buffer. Protein concentration was calculated by Bradford assay.
Aliquots (10 g) were subjected to Western blot assay using monoclonal antibodies specific for HCMV IE1 (1B12), HCMV UL99 (10B4) and monoclonal anti-tubulin antibody (Sigma-Aldrich). An anti-mouse HRP conjugated antibody was used along with the ECL plus detection kit (Amersham) to detect specific bands. Chemiluminescence was analyzed by using a PhosphorImager and ImageQuant TL software (GE Healthcare Life Sciences, Piscataway, NJ).
For immunoprecipitation assays, aliquots of lysate (5 or 10 g protein) were precleared with Protein A/G Plus Agarose beads (Santa Cruz Biotechnology) for 4 h at 4°C. Anti-IE1 monoclonal antibody (1B12) and Protein A/G Plus Agarose were added to the supernatant, which was incubated overnight at 4°C with shaking. Immunoprecipitated complexes were washed three times with RIPA buffer (50 mM Tris⅐HCl pH 7.4, 1% Nonidet P-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with Complete Mini Protease inhibitor. Beads were boiled in 2ϫ SDS loading buffer and run on an 8% SDS/PAGE gel to separate the immunoprecipitated complexes. Gels were dried and exposed to a phosphor screen, which was analyzed by using a PhosphorImager and ImageQuant TL software.
